The relationship between the diagnostic interval and mortality from colorectal cancer (CRC) is unclear. This association was examined by taking account of important confounding factors at the time of first presentation of symptoms in primary care. METHODS: A total of 268 patients with CRC were included in a prospective, population-based study in a Danish county. The diagnostic interval was defined as the time from first presentation of symptoms until diagnosis. We analysed patients separately according to the general practitioner's interpretation of symptoms. Logistic regression was used to estimate 3-year mortality odds ratios as a function of the diagnostic interval using restricted cubic splines and adjusting for tumour site, comorbidity, age, and sex. RESULTS: In patients presenting with symptoms suggestive of cancer or any other serious illness, the risk of dying within 3 years decreased with diagnostic intervals up to 5 weeks and then increased (P ¼ 0.002). In patients presenting with vague symptoms, the association was reverse, although not statistically significant. CONCLUSION: Detecting cancer in primary care is two sided: aimed at expediting ill patients while preventing healthy people from going to hospital. This likely explains the counterintuitive findings; but it does not explain the increasing mortality with longer diagnostic intervals. Thus, this study provides evidence for the hypothesis that the length of the diagnostic interval affects mortality in CRC patients.
Studies have shown large variations in the diagnostic intervals (the time from the first presentation of symptoms in primary care until diagnosis) for colorectal cancer (CRC) patients, with some patients experiencing intervals of months (Barrett et al, 2006; Korsgaard et al, 2006; Hansen et al, 2008; Terhaar et al, 2010) . Although early diagnosis of cancer is generally deemed desirable, some clinicians and researchers are sceptic about the benefits of expediting diagnosis for CRC patients (Irvin and Greaney, 1977; Bako et al, 1988; Rupassara et al, 2006) . The reasoning is that diagnostic intervals, measured in weeks to months, may be negligible by comparison with the time required for the development of the tumour, measured in years (Polissar et al, 1981; Pescatori et al, 1982; Auvinen, 1992; Iversen et al, 2009; Terhaar et al, 2010) .
Studies have shown an important, but modest, reduction in CRC mortality by screening, indicating that time to diagnosis may matter (Hewitson et al, 2007; Atkin et al, 2010) . However, the majority of CRC patients are diagnosed after presenting with symptoms, and no randomised trials have examined the benefits of expediting diagnosis in symptomatic patients (Mitchell et al, 2008) . Most of the published literature report data, inevitably, from observational studies. A recent review indicated a lack of association between the diagnostic interval and mortality in CRC patients, but the authors emphasised that future studies should focus on adjusting for confounding factors, as many of the included studies had counterintuitive results, showing that patients with short diagnostic intervals had higher mortality than patients with long diagnostic intervals (Ramos et al, 2007) . Such findings are usually referred to as the 'waiting time paradox' and have also been reported for other types of cancer (Neal, 2009) .
The aim of this study was to analyse the association between the diagnostic interval and mortality after diagnosis of CRC, while taking account of the interpretation of symptoms by the general practitioner (GP) and controlling for confounding factors at first presentation.
MATERIALS AND METHODS
We conducted a cohort study with overall 3-year mortality as the primary outcome and the diagnostic interval as the exposure variable.
Setting
The cohort resided in the former Aarhus County, Denmark, which has 640 000 inhabitants and B400 new CRC cases per year (NORDCAN, 2009 ). Denmark's publicly funded health-care system provides free access to general practice and hospital care. More than 98% of Danish citizens are registered with a GP whom they have to consult for medical advice. The GP acts as a gatekeeper to the rest of the health-care system, carrying out initial diagnostic investigations and referring patients to hospitals or outpatient clinics when necessary. Danish GPs are legally bound to keep detailed medical records of their patients (Christiansen, 2002) .
Study population
Our study included all newly diagnosed CRC patients over the age of 17 during 1 year (1 September 2004 to 31 August 2005) . Subsequently, the study population was restricted to the 89.8% of patients who had attended general practice before the cancer diagnosis (see flowchart, Figure 1 ).
Identification of patients and GPs
Register data for this study were linked by means of the civil registry number, a unique personal identifier assigned to all Danish citizens at birth. Patients were identified from the County Hospital Discharge Registry, a population-based medical database that records dates of all inpatient and outpatient visits and discharge diagnoses classified according to the International Classification of Diseases (ICD-10). We defined incident CRC patients as patients registered with a first-time discharge diagnosis of colon cancer (C18 and C19) or rectal cancer (C20) during the study period; and with no previous diagnosis of colon cancer, rectal cancer, or malignant neoplasm of ill-defined, secondary, and unspecified sites (C76-80).
In 2009, we verified all diagnoses by comparing the data with the Danish Cancer Registry, which records all incident cancer cases in Denmark and holds key information from the Danish National Pathology Registry. To identify the patients' GPs, the data were linked to the County Health Service Registry (Sørensen, 2009).
Data collection
A questionnaire was sent to each patient's GP. In practices with more than one GP, we asked the GP most familiar with the patient to complete the questionnaire. The GPs received compensation for their participation (DKK 240 equivalent to EUR 32). Nonresponders received a reminder after 3 weeks. The GPs were asked to confirm the diagnosis and provide a detailed description of the patient's diagnostic pathway on the basis of the electronic medical record and discharge letters from hospitals and specialists (e.g., dates of reported symptoms, encounters, tests, referrals, and involvement of other providers). GP involvement was defined on the basis of the question: 'Were you/your general practice involved in diagnosing the cancer?' (yes/no). The questionnaire also requested information about the symptoms presented by the patients at the first consultation and about the GP's interpretation of those symptoms, that is, as either alarm symptoms suggestive of cancer, symptoms suggestive of any serious illness, or vague symptoms not directly suggestive of cancer or other serious illness. This allowed us to distinguish between patients presenting with either 'alarm or any serious symptoms' or 'vague symptoms'. The GP's symptom interpretation was subjective, that is, not based on a prespecified list of alarm symptoms. The data collection has been described in further detail elsewhere (Hansen, 2008; Hansen et al, 2008) .
Data on covariates
We obtained information on age and sex from the civil registry number. The patients' complete hospital discharge history, 10 years before the date of first presentation of symptoms to the GP, was used to compute a Charlson Comorbidity Index score (Charlson et al, 1987) . We grouped levels of comorbidity into 'no comorbidity' (patients with no recorded disease), 'patients with moderate comorbidity' (index score of 1 and 2), and 'patients with high comorbidity' (index score of X3). To describe data in further detail, we obtained information from the Danish National Registry of Patients on emergency admission (yes/no) and from the Danish Cancer Registry on previous cancers in other sites (yes/no) and tumour staging classified according to the TNM staging system. We re-grouped the staging information using the following principle: stage I (T1-2/N0/M0), II (T3-4/ N0/M0), III (T1-4/ N1-2/M0), IV (T1-4/N0-2/M1), and unknown.
Defining time and mortality
From the Danish Civil Registration System we retrieved information on migration and death. The study outcome was death. All patients were followed for at least 3 years after diagnosis. When comparing mortality in patients with participating and nonparticipating GPs, the date of the first-time discharge diagnosis of cancer in the County Hospital Discharge Registry was taken to be the date of diagnosis.
Statistical analyses
We stratified analyses according to the interpretation of symptoms by the GP (alarm or any serious symptoms vs vague symptoms), as we expected the diagnostic pathways to be very different for these two groups of patients. We initially stratified data into colon and rectal cancer, as suggested by Ramos et al (2007) , but, as the effect was constant across tumour site, data were pooled to enhance statistical precision.
The diagnostic interval was grouped into 'short' 0 -4 weeks (0 -28 days), 'medium' 5 -11 weeks (29 -77 days), and 'long' X12 weeks (78 þ days) roughly based on the 25th and 75th percentiles and in accordance with the waiting time guarantee of 4 weeks endorsed by the Danish Government (Olesen et al, 2009) .
To estimate the odds ratio (OR) of experiencing long vs short and medium diagnostic intervals for patients presenting with vague symptoms vs patients presenting with alarm or any serious symptoms, we used logistic regression and adjusted for tumour site (colon/rectal), Charlson Comorbidity Index (0/1 -2/X3), age (18 -59/60 -74/X75), and sex.
Patients who died on the date of diagnosis were included in the analyses. The survival function up till 3 years after diagnosis was plotted for each of the three groups of diagnostic interval. We used logistic regression to estimate 1-year and 3-year mortality OR as a function of the diagnostic interval adjusted for tumour site, Charlson Comorbidity Index, age, and sex. We modelled the data in two ways: first, we calculated the adjusted OR for short or long vs medium diagnostic intervals.
Second, we treated the diagnostic interval as a continuous variable using restricted cubic splines in order to make efficient use of withincategory information (Greenland, 1995) . We chose an a priori reference point of 4 weeks (28 days) and used four knots.
To address the possibility that emergency admission was a confounder and not an intermediate step in the diagnostic pathway, we additionally adjusted for emergency admission and repeated the analyses after excluding patients with emergency admissions.
We calculated 95% confidence intervals (95% CIs) for all estimates and tested each model against a model with no diagnostic interval term using the Wald test. A two-sided P-value of p0.05 was defined as statistically significant.
RESULTS
We identified 363 incident CRC patients over the age of 17 years. In 58 (16.0%) of the cases, the GPs did not participate or complete the questionnaire (Figure 1 ). We found no discrepancies between patients with participating GPs and nonparticipating GPs with respect to 1-year and 3-year mortality after discharge, age, gender, comorbidity, tumour stage, previous cancer, or emergency admission (Table 1) .
Out of the 305 incident CRC patients with participating GPs, we excluded 37 (12.9%) for whom the GP was not involved in diagnosing the cancer (Figure 1 ). Compared with the 268 patients with GP involvement, patients with uninvolved GPs were more likely to be admitted to hospital as an emergency (Table 1) .
The odds of experiencing long vs short diagnostic intervals (adjusted for comorbidity, age, and sex) were 3.99-fold (95% CI: 2.10, 7.56) higher for the 67 patients presenting with vague symptoms than for the 201 patients presenting with alarm symptoms or any serious symptoms. Patients presenting with vague symptoms had lower levels of comorbidity and were less likely to present with blood in stools than patients with clear symptoms (Table 2) .
Diagnostic interval and mortality
Overall, 63 (23.5%) CRC patients died within 1 year, and 113 (42.2%) within 3 years of diagnosis (Figure 2) .
In patients presenting with alarm symptoms or any serious symptoms, the adjusted 3-year mortality OR was 2.56 (95% CI: 1.29, 5.05) for short and 2.04 (95% CI: 0.87, 4.77) for long compared with medium diagnostic intervals ( Table 3 ). The cubic splines regression analysis (Figure 3 ) revealed that the risk of dying within 3 years began to increase after 5 weeks of diagnostic interval (P ¼ 0.002).
In patients presenting with vague symptoms, the adjusted 3-year mortality OR was 0.71 (95% CI: 0.32, 2.91) for long compared with medium diagnostic intervals. As only 10 patients had short diagnostic intervals, comparison with this group was not justified. The cubic splines regression analysis (Figure 3 ) revealed a reverse effect with increasing risk of dying from day 1 and up to B12 weeks, but the association was not statistically significant (P ¼ 0.205).
When analysing 1-year mortality (Table 3) , adjusting for emergency admission or excluding patients with emergency admissions, we found similar trends and no major changes in estimates (data not shown).
DISCUSSION
In this population-based cohort study of 268 incident CRC patients attending primary care before diagnosis, mortality decreased with diagnostic intervals up to B5 weeks, after which mortality increased. The counterintuitive finding of short waiting time being Pp0.05 using a log-rank test for equality of survivor functions and a w 2 test for difference between groups comparing (1) patients with participating and nonparticipating GPs and (2) patients with involved and uninvolved participating GPs. No statistically significant differences were found between the former groups.
Time to diagnosis and mortality in CRC ML Tørring et al associated with high mortality only applied to patients presenting with alarm symptoms or any serious symptoms. In the quarter of patients presenting with vague symptoms, the association was reverse although not statistically significant.
Strengths of the study
The strengths of the study lie in the population-based design made possible by a uniformly organised health-care system and validation using histological confirmation of diagnoses and complete follow-up, all of which reduced selection and information bias.
The high response rate among GPs (84.0%) also reduced the potential for selection bias. By excluding patients in whose diagnosis the GPs had not been involved, we ensured a more accurate measure of the exposure (the diagnostic interval) and a Adjusted for tumour site (colon/rectal), Charlson Comorbidity Index (0/1 -2/X3), age (18 -59/60 -74/X75), and sex. To address the possibility that emergency admission was a confounder and not an intermediate step in the diagnostic pathway, we additionally adjusted for emergency admission and repeated the analyses after excluding patients with emergency admissions. In both subanalyses, we saw comparable trends and no changes in estimates (data not shown).
more homogeneous group with respect to confounders; and thus obtained better internal validity. Furthermore, the analyses were strengthened by allowing between-site variability in delay and mortality and a nonmonotonic effect (Maguire et al, 1994) ; and by addressing confounding by indication as discussed further below.
Limitations of the study
The limitations relating to the study design include possible selection bias, information bias, and residual confounding. First of all, 16.0% of the study base could not be included in the final analyses because of nonparticipation of GPs. As seen on Table 1 , patients with nonparticipating GPs shared many of the same clinical features as patients with uninvolved GPs, including equal mortality rates. Thus, the GPs may not have been involved in diagnosing cancer for a substantial part of these patients (if patients, e.g., presented with emergency conditions and bypassed their GP). Nevertheless, we cannot reject that some GPs may have chosen not to participate, because they retrospectively believed they had caused undue delays in diagnosing cancer. Given the observed convex and concave trends, it is difficult to predict the direction of the bias due to selection.
Second, given the retrospectively collected data and the comprehensive knowledge of GPs of their patients, we cannot rule out differential misclassification regarding the length of the diagnostic interval. Such misclassification would occur if, for example, the GPs tended to understate the lengths of the diagnostic intervals for patients who died shortly after diagnosis or were diagnosed with advanced-stage cancers. If this were to be the case, it would explain some of the excess mortality among patients with short diagnostic intervals. To reduce information bias, GPs were encouraged to consult their electronic medical records.
The consistent findings of higher mortality for short diagnostic intervals among patients presenting with alarm symptom or any serious symptoms -even after adjustment and exclusion of patients with emergency admissions -could also be an indication of residual confounding. Unknown confounding such as tumour aggressiveness may have reversed the association, as patients with rapidly growing tumours may exhibit more symptoms that may raise appraisal and lead to shorter diagnostic intervals, but ever worse outcomes. Although we were unable to account for the speed of tumour growth and/or aggressive malignancies, we partly dealt with confounding by appraisal by stratifying data according to the symptom interpretation of the GP. This will be discussed further below.
Finally, although it was an important tool in limiting the risk of confounding, the stratification procedure and restriction also reduced the power of the study. A larger study is needed to assess the effect in patients presenting with vague symptoms.
COMPARISON WITH FINDINGS FROM OTHER STUDIES
Most previous studies have examined the influence of total delay (time from first symptom to treatment), total diagnostic delay (time from first symptom to diagnosis), or provider delay (time from first presentation of symptoms to treatment). Common for all these studies is the mixing of patient, diagnostic, and/or treatment delays. From a methodological point of view, it is particularly tricky that both the prognostic factors and the premises for sorting patients are likely to change during the pathway to treatment. The best example is tumour stage, which is an important prognostic factor at the time of diagnosis and surely a confounder of the association between treatment delay and mortality. But, it does not qualify as a confounder of the association between diagnostic delay and mortality because it succeeds presentation. If we control for this factor in studies of diagnostic delay, we create confounding.
Over the past three decades, the association between time to diagnosis and mortality has been the subject of at least 14 studies based on data from symptomatic colon and/or rectal cancer patients (Irvin and Greaney, 1977; Polissar et al, 1981; Pescatori et al, 1982; Hillon et al, 1985; Goh et al, 1987; Bako et al, 1988; Porta et al, 1991; Auvinen, 1992; Ponz de Leon et al, 1992; Maguire et al, 1994; Fernandez et al, 2002; Rupassara et al, 2006; Stapley et al, 2006; Terhaar et al, 2010) . The studies report either no statistically significant association or the waiting time paradox. The present study is pioneering in the sense that it challenges the premises of former models. The finding of a U-shaped association between the length of the diagnostic interval and mortality after diagnosis of cancer provides evidence that previous studies may not have represented reality very well; either because they did not allow for a continuous, nonmonotonic effect (Hillon et al, 1985; Porta et al, 1991; Rupassara et al, 2006) or because they introduced bias by adjusting for intermediate variables such as tumour stage (Polissar et al, 1981; Fernandez et al, 2002; Stapley et al, 2006; Terhaar et al, 2010) . This is the first study to address these issues while at the same time controlling for confounding factors at first presentation of symptoms in primary care. Apart from contesting previous models, we believe that the results may also challenge former reasoning. It has often been speculated that the consistent findings of higher mortality for short delays was caused by hidden confounders like the tumour's speed of growth and/or its ability to spread (Pescatori et al, 1982; Auvinen, 1992; Rupassara et al, 2006) . According to this theory, aggressive tumours are associated with shorter delays because they are easier to appraise (Neal, 2009 ). However, for this theory to hold true, we would expect patients presenting with vague symptoms to have an overall better survival than patients presenting with alarm or any serious symptoms and to see similar trends for the two groups. Apparently, this is not the case.
Underlying mechanisms and clinical implications
We believe that the contradictory findings of the waiting time paradox mainly reflects confounding by indication, that is, a bias stemming from the inherent difference in prognosis of patients given different medical priority (Rothman, 2006) . This mechanism occurs if GPs, and subsequently diagnostic imaging centres and endoscopic centres, as expected, give priority to seriously ill patients who may have higher inherent mortality (the 'sick-quick' group), whereas being more reluctant to expedite patients with less obvious symptoms of cancer (the 'low risk -slow diagnosis' group). This may even be supported by the fast-track guidelines. The association of short diagnostic intervals and high mortality in patients with alarm or serious symptoms and corresponding long diagnostic intervals and low mortality in patients with vague symptoms strongly supports the presence of this mechanism.
To conclude, most of the potential biases (from selection, misclassification, confounding, and/or random error) will either have influenced the results towards the null hypothesis or reversed the association. Based on this observational study, we can only speculate on the exact cause of the increased mortality with longer diagnostic intervals. A biological explanation could be that the exponential growth of the tumours predicates early diagnosis as a crucial factor even for patients presenting with vague symptoms. However, it should always be kept in mind that observational studies do not test the hypothesis that expediting diagnosis provides a mortality benefit. The diagnostic interval is a highly complex variable reflecting tumour biology, patient behaviour, the clinical pathway, and the functioning of the health-care system. This study's significance is that it provides some evidence against the hypothesis that the diagnostic interval has no effect on mortality and thus speaks against the tendency to downplay the importance of the diagnostic interval.
CONCLUSION
On the basis of detailed primary-care data, this study shows the waiting time paradox together with an increasing mortality with longer diagnostic intervals in CRC patients presenting with alarm or serious symptoms.
